Introduction
Aqueous solutions o f cadmium dihalides have been studied extensively by a variety of methods [2] including determ ination of equilibrium con stants [3] , All data are consistent with equilibria (1) and (2) involving the form ation of solvated cat ions. Addition of halide ions X~ to these solutions shifts the equilibria to the side of the halocadmates. Salts o f the chlorocadmates CdCl3~, CdCl42~ and C dCl53" have been isolated from aqueous solutions [2] , Little inform ation was gained from a ll3Cd N M R study of aqueous solu tions o f CdCl2: only a single signal is observed due to rapid exchange processes [4] , 2 C dX 2 ^ C dX + + CdX3-
2 C dX 2 C d2+ + CdX42-
Cadm ium halide solutions have also been stud ied in a variety o f other solvents such as ammonia [5] , pyridine [6] , dimethylsulfoxide [7] or ethers [8] , C oordination com pounds have been isolated from these solutions. Several o f these have been charac terized by an X-ray structure analysis [9] . 1,3Cd N M R studies on these systems revealed in most cases only a single signal, and the ö values changed with concentration and temperature as well as with the ratio o f C d2+ :X ". This behaviour is typi-* Reprint requests to Prof. Dr. H. Nöth.
Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0932-0776/90/1100-1463/$ 01.00/0 cal for rapid halide ion exchange. Consequently, only indirect inform ation concerning the number and com position of the Cd species present in these solutions was obtained.
E. Wiberg and W. Henle [10] reported the for m ation of cadmium tetrahydroborate according to equation (3) from CdCl2 and LiBH4 in diethyl ether. However, a more comprehensive study of this system and related M BH4/C dX 2 systems (X = Cl, Br, I; M = Li, Na, K) showed [11] that equa tion (3) represents a limiting case because chlorotetrahydroborato-cadm ates are also formed as de scribed by equations (4) and (5).
CdCl2 + 2 LiBH4
Cd(BH4)2 + 2 LiCl (3)
CdCl2 + 2 LiBH4-► LiCd(BH4)2Cl + LiCl (4) CdCl2 + 3 LiBH4^ LiCd(BH4)3 + 2 LiCl (5)
Solutions free of chloride are obtained only with an excess of LiBH4. This, however, results in the form ation o f tetrahydroborato-cadm ates [11] as shown in equation (5) . Therefore, the species re sponsible for the selective reduction of acid chlo rides to aldehydes employing a 1:2 mixture of CdCl2 and M BH4 remains speculative at the m o ment [12] .
L iC l-C d C l2-Solutions in Dimethylformamide
CdCl2 is only sparingly soluble in diethylether, tetrahydrofuran or the dimethyl ethers of polygly cols. Dimethylformamide (D M F), however, proved to be a solvent o f sufficient solution power in order to allow 113Cd N M R spectra to be record ed. In addition, solutions can be investigated at fairly low temperatures.
The solubility limit o f CdCl2 in D M F is -0.05 M at 20 °C (293 K). At 305 K saturated so lutions showed only a single broad resonance sig nal at e>113Cd = -4 1 7 ppm (see Fig. 1 a) . The shape of this signal suggests that rapid exchange process es occur in these solutions. This assum ption is as certained by the ,13Cd N M R spectrum recorded at 213 K (see Fig. 1 b) : three fairly sharp signals are now visible indicating the presence o f three distinct species. The signal at <5113Cd = -5 9 0 ppm is as signed to C d(D M F)62+ and would correspond to <5113Cd = -5 4 5 ppm for C d(O H 2)62+ in aqueous so lutions [13] . Consequently, the signal at c)n3Cd = -5 0 9 ppm indicates the presence of hexacoordinated C dC l(D M F)5+. The remaining resonance at ö = -2 5 9 ppm suggests a non-octahedral environ ment for Cd2+. However, there is no conclusive ev idence for either tetrahedral CdCl42" nor trigonal planar CdCl3~. The latter is the more likely alter native, as shown by a com parison with <5ll3Cd = -2 0 5 ppm for CdCl42-in C H 2C12 solution at 208 K [14] and in solid (R4N )2CdCl4 (<5,13Cd = -1 6 0 ppm) [15] as well as from the data obtained for Li"CdCl2+" solutions in D M F (v. i.). Considering the fairly high dielectric constant of D M F (DK 36.7) it is not unreasonable to assume only minor quantities of undissociated C dCl2 to be present in the CdCl2-DM F solutions, undetectable by the 113Cd N M R method. On the basis o f the as signments made, dissociation in D M F occurs pref erentially as described in equations (6) and (7), with the latter one dominating.
3 CdCl2 ^ C d2+ + 2 CdCl3-
It should be noted that crystals of CdCl2-2D M F were obtained from D M F solu tions of CdCl2 which were subjected to an X-ray structure determination. The possibility was con sidered that an ionic lattice might be present, thus reflecting in part the constituents in solution. It turned out, however, that the m aterial investigated was a coordination polymer (v. i.).
These assignments for the CdCl2 solutions in D M F are ascertained by adding LiCl to the CdCl2 solutions. At am bient temperature (305 K) the fol lowing single line n3Cd resonances were observed for solutions o f composition CdCl2, LiCdCl3, Li2CdCl4 and Li3CdCl5: -417, -2 4 3 , -2 0 7 and -2 0 5 ppm. It is evident from these data that the signals observed represent a time averaged state. Similar to CdCl2 solutions itself separate reso nances are found for the Li"CdCl2+" solutions at 215 K. There are two resonances for the LiCdCl, solution in D M F with <5113Cd = -257.8 and -190.2 ppm, but only a single signal is found at c)n3Cd = -189.8 ppm for the Li2CdCl4 solution. From these data one can unequivocally assign the -1 9 0 ppm resonance to the tetrachlorocadm ate ion. The chemical shift at <5113Cd = -189.8 ppm corresponds with the reported value o f -1 6 9 ppm for aqueous solutions [16] , -1 6 4 ppm for [Et4N]2CdCl4 [15] and -1 8 3 ppm for (thiaminium)CdCl4 [15] , In CH2C12 at 208 K the reso nance for [Et4N]2CdCl4 was found at <5,13Cd = -2 0 5 ppm [14] .
In the DM F solution of "LiCdCl3" at 215 K the ll3Cd resonance reveals the presence o f CdCl42 (iö = -190.2 ppm) and CdCl3" (Ö = -257.8 ppm). According to the stoichiometry there must at least be one other Cd species present, which was not de-tected. This species, presumably, is solvated C dC l+, which should give rise to a broad signal.
The L iC l-C d C l2 systems in D M F compares well with that in DMSO as a solvent [17] : reported values are -2 4 3 ppm for CdCl3~ and -1 9 9 ppm for CdCl42". However, <S"3Cd extrapolated as -6 1 0 ppm for CdCl(DM SO)5+ and as -6 7 0 ppm for Cd(D M SO )62+ [18] do not correspond with the chemical shifts found in this work for the corre sponding D M F solvates of CdCl+ and Cd2+.
Solutions o f Alkali M etal Tetrahydroborates in DM F
Solutions o f N aBH4 in D M F [19] showed no sign o f decomposition within a month. Its "B N M R spectrum consists of a well resolved quintet: (5n B -3 9 .7 ppm, '/(B H ) 80.6 Hz. This resonance shifts to -3 6 .0 ppm and the coupling constant in creases slightly (81.6 Hz) as the solution is cooled to 215 K.
In contrast, LiBH4 solutions in D M F are unsta ble [20] , A single quintet is observed (<5"B -3 7 .3 ppm, '/(B H ) 81.4 Hz; at 213 K: Su B -3 6 .0 ppm) in freshly prepared solutions. After two to three days an additional signal emerges at <S"B -8 .0 ppm (quartet, '/(B H ) 91.5 Hz) and after seven days at am bient temperature a third signal is present at <5"B -1 5 .0 ppm (quartet, '/(B H ) 95.0 Hz). The former is assigned to the borane ad duct H 3B :N (C H 3)3, the latter to H 3B :N H (C H 3)2 [21] . Form ation of H 3B :N (C H 3)3 may proceed ac cording to equations (8) and (9), the first one rep resenting a base displacement, the second the re duction. Form ation of H 3B :N H (C H 3)2 is more complicated and must involve a multistep process. It is evident from these results, that freshly pre pared LiBH4 solutions in D M F must be used in studying their behaviour towards CdCl2 in D M F.
The CdCl2-N a B H 4 System in Dimethylformamide
Solutions o f CdCl2 in D M F containing N aB H 4 in the m olar ratios 2:1, 1:1, 1:2, 1:3 and 1:4 all show a single "B resonance signal as a quintet as expected for the presence of BH4 groups. How ever, the <5"B values change in this series from -48.2 via -47.4, -4 3 .6 , -4 2 .0 to -4 1 .6 ppm, and '/(B H ) drops slightly from 82.2 Hz to 81.5 Hz. These data indicate that N aB H 4 has reacted with CdCl2 as dem onstrated by the high field shift of the "B resonance relative to free BH4~ [22] . This behaviour is typical for exchange processes. Reso lution o f the quintet structure diminishes as the BH4" : CdCl2 proportion increases indicating an in crease in the exchange rate [23] .
-^3.6 The quintet structure of the "B N M R signal is lost at 233 K for the 2:1 and 1:1 solutions. How ever, a shoulder at < 5 -3 7 ppm appears for the 1:1 solution, and this shift indicates the presence of free N aBH 4. This conclusion is nicely verified by studying the tem perature dependence of the "B resonance of a 1:2 solution (see Fig. 2 ): there is a broad resonance at -4 6 ppm and a fairly sharp quintet at <5"B -36.5 ppm at 213 K. The intensi ties of these two resonances are approximately 1:2 for uncomplexed and complexed BH4~. Conse quently, this suggests that three moles of CdCl2 react with four moles of N aB H 4, and this does not imply a simple stoichiometry.
Attem pts to obtain additional inform ation on the Cd species in these solutions were not too successful. Only one 113Cd N M R signal could be recorded for the 2:1 solution at 213 K [24] with (5113Cd = -1 9 0 ppm due to the presence of CdCl42". But the signal to noise ratio was insuffi cient to record additional signals. F or 1:1 solutions two ll3Cd resonances were observed at S -191 and -2 3 3 ppm. It appears that a third signal at S -2 0 3 ppm may be present, but the unfavourable signal to noise ratio does not allow to make this a definite observation. This indicates that not all Cd species present in the solution may have been ob served. However, it is evident from these data that i) no cationic Cd species are observed and ii) only cadmates are present. The resonance at -191 ppm originates from CdCl42~, however, the other signal at <5ll3Cd = -2 3 3 ppm does not result from CdCl3~. This resonance lies at a somewhat lower field than the resonance for the trichloro-cadm ate species. It is, therefore, likely that this signal re sults either from CdCl2BH4~ or CdCl(BH4)2~, the latter being the more reasonable alternative [25] , Equations (10)- (13) 
It should be noted that attem pts to prepare and investigate more highly concentrated solutions by dissolving weighed am ounts of N aB H 4 and CdCl2 in D M F at 0 °C resulted in unstable solutions turning black within a few minutes.
The CdCI2-LiBH4-System in Dimethylformamide
Solutions of CdCl2 and LiBH4 in D M F show the same behaviour in "B N M R experiments as the previously described CdCl2-N a B H 4 solutions: there is only a quintet signal which moves downfield from <5"B -48.7 to -39.8 ppm as the CdCl2:LiBH4 ratio changes from 2:1 to 1:5. The 1,3Cd N M R spectra of the 2:1, 1:1 and 1:2 solu tions showed a single broad peak each with ö = -2 3 8 , -2 3 2 and -2 2 0 ppm, respectively [26] . Therefore, rapid exchange processes occur at 305 K, since only time averaged 11B and ,l3Cd sig nals are found.
Cold solutions of CdCl2-L iB H 4 (2:1 and 1:1 ra tio at 213 K) give rise to a single broad and unre solved "B N M R resonance. A shoulder at -4 0 ppm appears in the "B N M R signal of the 1:1 solution. However, two distinct resonances are ob served for a 1:2 solution at 213 K, a well resolved quintet at <5n B -3 7 ppm, and a broad, unresolved signal at <5n B -46.5 ppm, the approximate intensi ties being 1:1. Since the low field signal is due to free LiBH4 it is evident that the reaction between LiBH4 and CdCl2 proceeds preferentially in a 1:1 ratio as described by equation (14):
The LiCdCl2BH4 species could be detected in the 113Cd N M R spectrum of solutions containing CdCl2 and LiBH4 in a 1:1 ratio at 215 K. There are three signals at J ll3Cd -1 9 0 , -2 2 2 and -2 5 3 ppm. The first and the last indicate the presence of CdCl42' and CdCl3~. The signal at -2 2 2 ppm would be in accord with CdCl2BH4~ as suggested by equation (14) . This, however, will not explain the form ation of the two chlorocadmates: the stoichiometry asks for the presence of CdClBH4 or CdCl(BH4)2~ but these species could not be detect ed due to the unfavourable signal to noise ratio ob tained for the solutions investigated. Nevertheless, the present N M R study suggests that in no in stance free Cd(BH4)2 (as a D M F solvate) [27] is formed from CdCl2 and either NaBH4 or LiBH4. The high tendency of C d2+ to form anionic com plexes containing both ligands Cl~ and BH4~, as observed for diethylether and tetrahydrofuran as a solvent [11] , holds also for D M F solutions.
The Crystal and Molecular Structure of CdCl2'2 DM F
CdCl2-2 D M F is a coordination compound [28] crystallizing in well formed prisms from D M F so lutions. Analysis of its vibrational spectra suggest ed that the D M F ligand is bound via its carbonyl oxygen atom s to the cadmium center. On the basis of one C d -C l stretching band in the Raman spec trum and two bands in the IR and one vC d-O in the Ram an and IR spectrum, respectively, it was concluded that CdCl2-2D M F has a polymeric structure [29] , but no suggestions have been made concerning the coordination geometry at the Cd atom . M oreover, since this compound was pre pared from an aqueous solution of CdCl2 and D M F, it was a priori not certain that this product was structurally identical with the sample obtained from anhydrous CdCl2 dissolved in hot anhydrous D M F.
The result o f the X-ray structure analysis is de picted in Fig. 3 586(1) A) . This suggests that the negative charge provided by the oxygen donor atom is pref erentially transfered to the opposing chlorine atom indicating /rans-influence. These longer C d-C l bonds correspond with the C d -C l bond lengths found in anhydrous CdCl2 (2.66 Ä) [30] , The shorter C d -C l bonds are much less than the sum of the ionic radii assumed for hexacoordinated Cd:+ and chloride (2.76 Ä), indicating strong po larization and considerable covalent character. This is not uncommon in complexes o f CdCl2 as dem onstrated in the crystal structure o f the glycol complex [CdCl2(gly)]3 -gly (gly = H O C H 2C H 2OH) [31] whose polyhedral structure is reminiscent to CdCl2-2D M F.
The C d -O bond length in CdCl2-2D M F keeps within the range found for other CdCl2-adducts with oxygen donors, e.g. CdCl2 O H 2 (2.32 A), CdCl2-4 H 20 (2.33 A) [32] , CdCl2-2 0 C (H )N H 2 (2.34 X) [33] or CdCl2 -2 0 C (N H 2)2 (2.28 A) [34] , However, for a C d -O bond involving a carbonyl group, the bond length can be considered as fairly long and consequently as a weak bond. Steric rea sons cannot account for this, as dem onstrated by the acute O -C d -O bond angle. The D M F mole cules in each CdCl4 2-2D M F unit arrange them selves parallel to one another as shown in Fig. 4 . The angles between the planes of the planar dime thylformamide units is 25.6°. The C -O bond in the coordinated D M F is slightly shorter as com pared to the average C -O bond length in carbonic acid amides (1.234(5) Ä), and this holds also for the C -N bond com pared with uncoordinated car bonic acid amides (1.333(5) Ä) [35] , These changes are not unexpected.
CdCl2 2 D M F is unique in com parison with CdCl2-adducts o f formamide, CdCl2-2F A [33] or urea, CdCl2-2 0 C (N H 2)2 [34] . These are also coor dination polymers, however, the formamide and urea ligands occupy trans positions in a slightly distorted coordination octahedron and the two Cd -Cl distances found differ much more (2.912 (8) and 2.383(8) Ä) in CdCl2-2FA [33] than in CdCl2 -2D M F or in C dCl2-2 0 C (N H 2)2 (2.64 Ä) [34] , Since hydrogen bonding plays an essential part in the structure of the latter two compounds, this may be the reason for the trans position of these ligands.
Although CdCl2 is highly dissociated in DM F solutions it crystallizes as a coordination polymer. In this respect it does correspond with the system AlCl3/tetramethylurea: from solutions containing the A1C14_ and {Cl2Al[OC(NMe2)2]4} + ions the mo lecular coordination compound A1C13 • OC(NMe2)2 [36] crystallizes. On the other hand, the ionic com pound [Cl2Ga(m gl)2]GaCl4 is obtained from solu tions o f G aC l3 in C H 3O C H 2CH2O C H 3 (= mgl) [37] . This, typically, shows that no conclusions should be drawn from the solution state to the structure o f com pounds crystallizing from the so lution and vice versa.
Experimental
All experiments were conducted under rigorous anhydrous conditions using Schlenk techniques and dry, oxygen free dinitrogen gas. CdCl2 was prepared from reagent grade CdCl2-2 H 20 and SOCl2 [38] , N aB H 4 and LiBH4 were o f >98% pu rity and were used as supplied from Chemetall Gm bH. Dimethylform am ide was twice destilled from C aH 2. The boron concentration o f the solu tions was determined via the m annitoboric acid ti The tem perature dependence of these solutions is similar to that shown in Fig. 2 . Details can be found in lit. [39] , X-R ay structure analysis o f CdCl2 ■ 2 D M F A Syntex R 3 autom ated diffractom eter using graphite m onochrom ated M oK a-radiation (A = 0.71069 Ä) was used for cell determ ination and data collection. All calculations were performed on a micro-Vax com puter using the SHELXT PLUS software package. 0.008; data: param eter = 13.9:1; largest difference peak: 0.496 e/A3. Atomic coordinates are listed in Table II *.
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